ABSTRACT We have used the spreading behavior of small drops of several fluorocarbon fluids and silicone oil on air-liquid interfaces to measure the surface tension of lungs in situ. The test fluids were calibrated in a surface balance at 370 on monolayers of dipalmitoylphosphatid lcholine. At particular surface tensions characteristic of each fluid used, an increase in the tension of 1 mN/m or less caused the droplets to spread reversibly from a sphere to a lens shape. Using micropipettes we placed such droplets on the alveolar surfaces of excised rat lungs held at functional residual capacity and 370 and found that the surface tension remained below 9 mN/m for at least 30 min. The surface tension-volume relationship was linear for tensions ranging from 9 to 20 mN/m. Surface tension in the lung has never been measured directly, although estimates have been calculated from in vitro experiments with lung extracts or from in situ pressure-volume characteristics. In 1955 Pattle (1) reported extraordinary stability of bubbles from surfactant extracts and concluded that this is a function of near zero surface tension produced by surfactant material at the air-liquid interface. He assumed that the film lining the bubbles was the same as the alveolar surface film and thus that the surface tension in the lung was below 1 mN/m.
although estimates have been calculated from in vitro experiments with lung extracts or from in situ pressure-volume characteristics. In 1955 Pattle (1) reported extraordinary stability of bubbles from surfactant extracts and concluded that this is a function of near zero surface tension produced by surfactant material at the air-liquid interface. He assumed that the film lining the bubbles was the same as the alveolar surface film and thus that the surface tension in the lung was below 1 mN/m.
Clements (2) reported in 1957 the application of the surface balance to studies of lung surfactant. He compressed the expanded films of surfactant periodically and demonstrated that the surface tension varied from 40 to 10 mN/m and that the tension-area characteristic exhibited a large hysteresis. Based on these observations he formulated a theory of alveolar stability (3) which held that as area decreases during deflation, surface tension falls toward zero, thus diminishing the tendency of smaller alveoli to empty into larger ones.
Others have calculated surface tension-area characteristics from pressure-volume data of excised lungs, showing both a large hysteresis and a minimum surface tension below 10 mN/m (4). However, two assumptions were used in deriving the surface tension-area relationship. First, the shape factor K in the area-volume relation, A = KV2/3 was assumed not to change with volume and to have the same value for liquid-filled and air-filled lungs. Second, the maximum surface tension at total lung capacity was estimated to be approximately 50 mN/m.
Still others dispute the presence of a low surface tension in the lung. In 1973, Reifenrath and his coworkers withdrew fluid from the alveolar lining layer by a micropuncture technique (5, 6) , and used the material to form films for study by a bubble method (7) . On the basis of repeated cycling of films from rat alveolar fluid they concluded that the minimum surface tension of alveoli is 18-20 mN/m, a value considered by many authors to be too high to stabilize the lung effectively (8) . In addition, papers have recently appeared suggesting that surfactant is not needed to stabilize the lung (9, 10) . Abbreviations: DPPC, dipalmitoylphosphatidylcholine; TLC, total lung capacity; FRC, functional residual capacity.
Since proponents of both low and high surface tension have used indirect means to prove their points, we have sought a direct measure of surface tension within the lung. The results reported below support the contention that alveolar surface tension can indeed reach low levels.
MATERIALS AND METHODS
Control Experiments and Calibration. The method is based on the observation that drops. of a variety of nonpolar fluids placed on top of monolayers at the air-water interface change their shape from a sphere to a thin lens as the surface tension is raised past a critical value. The concept of critical surface tension for spreading was originally developed by Zisman ( 1) from experiments on solid surfaces and was shown to be capable of characterizing the surface properties of liquids (12, 13 16 mN/m, the spherical drop changes its shape to a lens. AT mately twice that of the original spherical drop, and at 20 mN/m it is about three times as great. Fig. 2 is a plot of sphere-to-lens transition surface tensions versus the corresponding surface tensions of the pure test components themselves, measured with the Wilhelmy method. Drops of test fluids were placed onto the DPPC film at a surface tension of approximately 30 mN/m. The fluid lenses were observed through a stereo microscope while the surface tension was decreased by reducing the film area slowly. At the transition point, when the lens took a spherical shape, the surface tension was noted. The precision was better than 40.5 mN/m and the surface tensions of the test fluids could be determined with standard errors smaller than 0.5 mN/m by this method. Thus, the surface tension of an underlying phase is lower than or equal to that of the test fluid if the spherical drop keeps its shape, or higher if spreading to a lens occurs.
Films of distearoyl and other disaturated phosphatidylcholines, of sphingomyelin (palmitoyl), and also of lung surfactant were used and gave equivalent results. We further demonstrated that the change of shape of the droplets was not dependent on the depth of the subphase in the surface balance by slowly raising a block of 0.5% agar below the monolayer until all the visible water was drained from the space between the 20 _Silicone oil 20 tubing to a precision graduated syringe and mounted on a micromanipulator. They reached the interior of the temperature-controlled chamber through a rubber membrane.
Micropuncture of Alveoli. The edge of the lobe to be punctured was viewed through a stereo microscope (Zeiss) with a magnification up to 1OOX. At low magnification the micropipette was advanced to the pleural surface and the magnification was gradually increased. Although the very tip could not be seen because of its small diameter, the alveolus to be punctured could easily be recognized, since the pleural surface adjacent to the alveolus was slightly dimpled prior to penetration. We then punctured the alveolus and pulled back the micropipette until the external surface distortion disappeared. A drop of fluid was then squeezed out and remained hanging on the pipette when the tip was in the alveolar space. By moving the micromanipulator gently, we could move the spherical drop on the pipette back and forth in the alveolar space. The micropipette was then gently withdrawn or advanced until the drop was deposited onto an alveolar surface. As soon as the drop touched the alveolar surface, it either spread out to a barely visible lens or stayed spherical with no observable change in diameter. In this latter case our in vitro studies indicated that the surface tension in the alveolus was lower than or equal to the surface tension of the test fluid. When spreading occurred, the surface tension in the alveolus was therefore taken to be higher than that of the fluid. Observations were done in alveoli of the top two layers adjacent to the pleural surface and 1-3 mm from the edge of a lobe. The fluid droplet diameter was approximately 10 ,.m for rat lung alveoli. Forgpne measurement, observations in at least ten different alveoli were made. If the surface tension in an alveolus was lower than the surface tension of the test fluid, three typical events occurred: (i) the drop could be deposited on a horizontal surface where it remained after the pipette was completely withdrawn; (ii) the drop would move slowly due to gravity without changing its diameter appreciably and come to rest still visible somewhere in the al- Fig. 3a shows the micropipette, alveolar space with a drop prior to deposition. The t FC 40 (,y = 16 mN/m, temperature 25°). Fig. 3 spherical drop following deposition on the alve adjacent to the pleural surface. Since the drop di( upon deposition, the surface tension in Fig. 3b war 16 mN/m. The pressure was 8 cm H20, corresp volume of approximately 70% TLC. Fig. 3c shov drop at an alveolar surface tension greater than 16 I lung volume was about 80% TLC. In Fig. 3d, at 
